Abstract: Surface plasmon resonance biosensors have recently known a rapid diffusion in the biological field and a large variety of sensor configurations is currently available. Biological applications are increasingly demanding sensor miniaturization, multiple detection in parallel, temperature-controlled environment and high sensitivity. Indeed, versatile and tunable sensing platforms, together with an accurate biological environment monitoring, could improve the realization of custom biosensing devices applicable to different biological reactions. Here we propose a smart and high throughput fabrication protocol for the realization of a custom microfluidic plasmonic biochip that could be easily tuned and modified to address different biological applications. The sensor chip here presented shows a high sensing capability, monitored by an accurate signal calibration in the presence of concentration and temperature variation.
Introduction
In the last decades surface plasmon resonance (SPR) sensors have known a rapid and wide diffusion in the biological field thanks to their high sensitivity and label-free operation [1, 2] . Driven by the demand for system miniaturization, improved detection sensitivity and through-put, parallel detection and fast and reproducible analyses [3, 4] , the SPR sensing technology evolved from basic configurations, namely prism-coupling (PC-SPR Kretshmann geometry), optical waveguide, optical fiber and grating-coupling (GC-SPR) [2] , to a variety of innovative sensing devices in which a key feature is the integration of different strategies. Promising approaches include the implementation of microfluidic circuits and techniques, like fluid mixing to enhance the biosensing throughput [5] , and the combination with other analytical techniques like fluorescence, electrochemistry or surface enhanced Raman spectroscopy in order to improve integration and plasmonic sensitivity [3, 6] . Ouellet et al. realized a SPR device consisting in 264 element-addressable chambers for volumes of 700 pL [7] and Chen demonstrated the capability of a nanoplasmonic biosensor microarrays in detecting concentrations down to 5-20 pg/mL from a 1 µL serum sample within 40 min [8] . Krishnamoorthy realized a electrokinetic SPR imaging biochip able to detect up to ten samples simultaneously [9] . Homola adopted gold nanoparticles to enhance the response of SPR biosensors in a Kretschmann configuration [10] . To face the requirements for a variety of biological applications, fast and versatile fabrication strategies are needed, together with accurate sensor response calibration protocols, in order to be able to provide easily tunable sensing platforms applicable to different biological reactions. Soft lithography-based strategies are widely recognized as suitable techniques for the fabrication of microfluidic platforms [11, 12] and, if combined with nanofabrication techniques, nanostructured microfluidic biosensing devices could be easily obtained. In this study we demonstrate the high fabrication of a nanostructured plasmonic device for biosensing applications using laser interference lithography (LIL), UV photolithography and soft lithography techniques improving previously defined strategies [13] [14] [15] [16] [17] . The final sensor chip ( Figure 1 ) was composed of an array of four gold digital gratings, i.e. the SPR sensing areas, each supplied by a microfluidic circuit including an inlet and an outlet channel. LIL was adopted as the fabrication method of the digital gratings as it al- The plasmonic sensor chip was formed by an array of four plasmonic gratings (of area ≈ 1 mm 2 each) supported onto a glass substrate (≈ 1 cm 2 ) and covered by a PDMS microfluidic platform in which four independent microchannel circuits were realized. Since each sensing area is supplied by a dedicated microfluidic circuit, four different sensing experiments can be performed on a single chip.
lows large-area substrate patterning with high throughput, while UV photolithography was used to realize the grating array and soft lithography for the microfluidic circuit fabrication. The developed fabrication procedure allowed realizing all the components needed for the biochip assembly, demonstrating the high potential of the optimized strategy as an easily tunable and reproducible protocol. The sensor chip was tested in aqueous and saline buffer environment, by tuning the solution concentration and temperature in order to simulate a biological reaction, monitored employing the SPR under polarization control sensing method [18] [19] [20] . The developed fabrication protocol allowed the realization of a compact plasmonic biochip with high throughput and high sensitivity to buffer concentration and temperature variations.
Experimental Procedures

Sensor chip fabrication
The fabrication procedure consisted of three steps: fabrication of the optical masks, of the plasmonic array and of the microfluidic circuit. The whole fabrication procedure is depicted in Figure 3 . Optical masks design. The plasmonic array optical mask (a) was designed to pattern four biochips in a single exposure, i.e. four 1 cm 2 plasmonic sensing arrays, each containing four 1 mm 2 -plasmonic grating areas. The microfluidic system optical mask (b) was designed to support the corresponding four circuits, with channel thickness 200 µm and a cell diameter of 1.5 mm.
Optical masks
A 150 nm-Cr layer was deposited via magnetron sputtering onto a pre-cleaned glass substrate (about 4 mmthick, 4 inches 
Detection setup
Our bench custom phase-interrogation SPR setup was composed of a SPPs excitation and detection part, a heated sample holder connected to a temperature con-troller and a dedicated software. The phase-SPR working principle is shown in Figure 4 . An incident light beam (635 nm-wavelength; Thorlabs, Inc.; < 5.0 mW of output power; class 3R), after passing through a polarizer (Thorlabs, Inc: LPVISE100-A) and through a rotating halfwave plate (Thorlabs, Inc: LPVISB100-MP) mounted on a motorized rotation stage (Thorlabs, Inc: PRM1/MZ8E), reached a translating sample holder (Edmund: 56-794, Thorlabs, Inc: DT25/M) mounted onto a goniometer (Thorlabs, Inc: GN18/M) and a metric rotation stage (Edmund: NT55-028). The light reflected by the SPR sensing platform positioned onto the sample holder was collected by a CMOS camera (Thorlabs, Inc: DCC1545M). The polarizer and the half-wave plate were mounted on a vertical rotation stage (Thorlabs, Inc: SL20/M, C1525/M, P14). The temperature controller system was composed of a thick aluminum plate heated by a pair of aluminum encased 50 W power resistors. A 1.5 mm type K thermocouple has been fitted within the aluminum plate at 2 mm below the surface on which the sample is placed. A digital controller (REG24PTP1LHU, Schneider Electric) set the low voltage DC power supply to the resistors upon a feedback loop based on said thermocouple. The temperature could be set between 25 to 100 ∘ C with a ±1 ∘ C stability. A custom software was implemented using Microsoft Visual Studio C++ 2012, National Instruments Measurement Studio Visual C++ MFC and the ActiveX provided by Thorlabs, Inc for the management of the motor, the polarizer and the CMOS digital camera. The software allowed experimental parameter setting, real-time measurements and data processing.
Calibration procedure
The device calibration was performed monitoring the plasmonic response as a function of solution concentration and temperature. For concentration tests we adopted a model saline solution, obtained by mixing sodium chloride (NaCl) to milliQ water, and a phosphate buffered saline solution in milliQ water. Concentration of 10, 100, 200, 400 and 800 mM were tested with both solutions. The experimental procedure consisted in the collection of a reflectance spectrum in polarization scan. It is known that reflectance shows an harmonic trend as a function of the polarization angle α. A phase parameter α 0 was extracted by fitting the spectrum with a harmonic function [18] . Being associated to surface plasmon resonance, this parameter undergoes a shift in response to refractive index changes in the environment. Therefore, the sensor response was evaluated by monitoring the phase shift ∆α after concentration increase with respect to the blank solution, i.e. pure milliQ water and 500 nM solution for NaCl and PBS, respectively. The sensor response as a function of temperature was evaluated by monitoring ∆α when the temperature of a 10 mM NaCl and PBS solutions was increased from 20.4 to 50 ∘ C by a step of 2 ∘ C. For both calibration procedures, the plasmonic signal was monitored in real-time. For fluid manipulation Masterflex Tygon (E-3603, Cole Parmer, Italy) and 1 ml B. Braun syringes (Arco Scientifica srl, Italy) were used.
Numerical simulations
In order to compare experimental results to theoretical predictions, we provided computer simulations of the fabricated structures optical response. We implemented in MATLAB environment the Rigorous Coupled-Wave Analysis (RCWA) algorithm, suitable to describe the interaction of light with digital gratings and multilayer structures [21] [22] [23] . Likewise the experimental setup, the simulation program produced polarization-interrogation reflectance spectra. These spectra were then fit with the very same algorithm as the experimental ones, to provide the phase parameter α 0 and monitor its variation ∆α. In the model, the multilayer structure is designed, in which each material is identified by its complex refractive index only, which implies that the program is unable to distinguish between two buffers with the same optical properties. Therefore, the sensing tests were modeled as follows. The two concentration variation tests were modeled as a single test in which the buffer refractive index was varied accordingly to the model reported by Dorsey, N. E. [24] (Table 1) . For the temperature variation tests, two simulations were performed. In the first, only the buffer refractive index was varied accordingly to the model reported by Bashkatov, A. N. [25] (Table 2) , while in the second also the real part of the gold permittivity was varied accordingly to the curve reported by Hu et al. [26] , i.e. with an increase of about 0.0025 per degree. This computational approach is expected to faithfully reproduce the plasmonic sensor optical response if the structure is faithfully modelled in the simulation. Discrepancies between simulation results and experimental data may be ascribed to uncertainties in the knowledge of the exact refractive indices, especially the buffers ones. 
Results and discussion
The sensor chip
In Figure 5 the final fabricated sensor chips are shown. A single 25X25 mm 2 glass substrate supported four plasmonic sensing arrays and each array was composed of four 1 mm 2 -gold gratings (pitch 400 nm, amplitude 40 nm).
The substrate was cut into four parts, with an area of about 1 cm 2 each, representing four different sensor chips simultaneously fabricated onto a single substrate. In addition, the adopted techniques is easily reproducible and adaptable to different sensor designs, depending on the desired application. Indeed, this can be done by changing the optical mask design for both sensing areas and microfluidic circuit fabrication. Therefore, our fabrication protocol provides high throughput and extreme versatility. In addition the sensor chip resulted stable to all the procedures required by the sensing experiments thanks to the chromium layer deposited to promote the gold adhesion on glass [27] . A careful photoresist mask removal was performed using both acetone and O 2 plasma as the photoresist adopted resulted hard to remove and photoresist traces on the gold surface are undesired for sensing experiments. The sensor chip-PDMS microfluidics bonding was performed just before the sensing experiments through a 2-step plasma oxygen treatment, as previously described. The first step had the double function of cleaning the gold surface and activating the glass surface, while the second step was done in order to activate the PDMS surface. Cleaning of gold surface is extremely important for sensing [28] and among all the cleaning procedures described in literature and previously tested [28] [29] [30] we chose to use O 2 plasma to remove organic compounds adsorbed onto the surface and Ar plasma as weak surface gold etching [31] .
Sensing experiments
The sensor calibration was performed using a model sodium chloride solution in milliQ water and a phosphatebuffered saline solution in milliQ water, a widely adopted buffer in biosensing applications. The two adopted solutions could be considered comparable as shown by the plasmonic response discussed in the following sections. From the calibration curve the sensor limit of detection (LOD) and limit of quantitation (LOQ) were calculated as LOD = 3. , respectively, where σ is the standard deviation of the intercept and b is the slope of the regression line [32] . In Table 1 the SPR response as a function of NaCl and PBS solution concentration is shown together with the simulated phase response values. Five measurements per chosen concentration (0, 10, 100, 200, 400 and 800 mM) were performed and the resulting phase shift (∆α) was calculated as the average value of all the repeated measurement responses. All the phase shifts were evaluated from the phase difference between each concentration tested and a reference value considered as the blank sample. Pure milliQ water and a 500 nM PBS solution were taken as blank samples in the case of H 2 O+NaCl and PBS test respectively. The obtained calibration curve is reported in Figure 6 where the comparison with the simulated setup response is also shown.
A phase decrease as a function of solution concentration increase, corresponding to a refractive index increase, was observed. LOD of 144 mM and 141 mM for the H 2 O+NaCl and PBS calibration curve, respectively, were obtained, corresponding to ∆α < −0. We note in particular that the 10 mM point error is comparable or even higher than the plasmonic signal and in fact this concentration is well below the LOD. This result means that widely used biological saline buffers with concentrations around 10 mM could be adopted without interferences with the sensor signal related to the specie that should be detected. In Table 2 the plasmonic response as a function of NaCl and PBS (10 mM) solution temperature is shown together with the simulated phase response values. We chose a 10 mM solution for the test as it is a commonly adopted concentration for analyte-containing buffers in the biosensing field. Five measurements per chosen temperature (20.4, 25, 30, 35, 40, 45 and 50 ∘ C) were taken and the resulting phase shift ∆α was calculated as the average value of all the repeated measurement responses. Two sets of data from simulations are reported. In the first, only the buffer refractive index was varied accordingly to the tabulated values; in the second, the contribution of the gold permittivity increase with temperature was also included. The obtained calibration curve is reported in Figure 7 and compared with data generated by simulations. As temperature increased, refractive index decreased and the monitored phase parameter increased and a good correspondence with simulated data was obtained. It was found that the metal permittivity increase compensates in some measure the decrease of the buffer refractive index, but with a weaker contribution, therefore the global effect is a decrease of the phase parameter as observed in the experiment. This competition between the two effects explains why the sensor response to temperature variation is considerably weaker than that to buffer concentration variation, even if the induced buffer refractive index variations are the same in magnitude. LOD 
Conclusions
A plasmonic microfluidic lab-on-chip was fabricated developing a versatile and high throughput procedure combining Laser interference lithography, UV photolithography and soft lithography. As a result, up to 24 sensor chips in three days could be fabricated through this protocol, each composed of four gold gratings with dedicated microfluidic circuit, for a total of 96 independent sensing areas. The calibration of a chip is reported, in which each of its four SPR sensing areas was exploited in a different sensing experiment, proving high sensitivity. LOD of about 140 mM and LOQ of 430 mM were found by monitoring in real-time the sensor response to variation of the concentration in both aqueous and saline buffer solutions at room temperature. LOD of about 21.6 and 40.3 ∘ C and LOQ of 122 and 65.6 ∘ C were found by monitoring in real-time the sensor response to temperature increase of the same two solutions, respectively, in 10 mM concentration. Comparison with computer simulations reveals that the response to temperature variation appears weaker than that to buffer concentration variation due to an increase of gold permit-tivity with temperature. More generally, the SPR biochip here proposed is extremely tunable thanks to the versatile fabrication protocol, which makes it adaptable to different biological applications. In particular, size and number of sensing areas for each substrate can be modified by the design of suitable masks for both the plasmonic gratings and microfluidic circuits fabrication. Each single sensing area can be independently functionalized in order to detect different biological events in parallel. The compact chips are suitable for the integration into user-friendly bench analyses devices for use by non-qualified personnel.
